1. Introduction {#sec1}
===============

The advent of cross-coupling reactions revolutionized the thought process for C--C bond formation, particularly when constructing biaryls---common structures in many biologically active and functional molecules from blockbuster pharmaceuticals to day-to-day electronic devices.^[@ref1],[@ref2]^ These methods generally consist of the coupling of an organometallic reagent with an aryl halide in the presence of a transition metal catalyst ([Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}, a). More recently, researchers in the areas of C--H and decarboxylative activation have looked to develop more efficient routes for cross-coupling.^[@ref3],[@ref4]^ In particular, the coupling of benzoic acids with either an arene or a second benzoic acid has gained great interest, as both aryl donors are low-cost and readily available and, in an ideal scenario, H~2~O and CO~2~ are formed as the only waste products ([Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}, b).^[@ref5],[@ref6]^ Progress in this area has already begun; however, current procedures generally yield poor reaction scope and require stoichiometric transition metals, thus limiting their applicability. Furthermore, the need for stoichiometric transition metals greatly reduces atom-economy and brings into question the true benefits of these procedures ([Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}, b) over traditional cross-couplings ([Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}, a).^[@cit4i]^

![Comparison of Traditional Cross-Couplings, Decarboxylative Oxidative Couplings, and This Report](ja-2017-051554_0002){#sch1}

Aryl halides are prolific building blocks in organic synthesis.^[@ref7]^ They have proved integral to the development of cross-coupling reactions, and they also undergo a variety of other transformations, such as nucleophilic substitution and metalation among many others.^[@ref8]^ Due to their undeniable importance, efficient methods for aryl halide formation from chemical feedstocks are highly sought after.^[@ref9]^ When developing a procedure for aryl halide formation, one should also consider the possibility of directly transforming the aryl halide in one-pot. This would allow for the streamlined synthesis of functional molecules from abundant starting materials via aryl halide intermediates ([Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}c). Whether the streamlined synthesis is successful or not will depend upon the compatibility of each step (iodination/functionalization) in the synthesis. By developing simple procedures for aryl halide formation, the chances of success are greatly improved, as the number of potentially inhibitory side products is reduced.

Using the carboxyl group as a site for selective transformations is an attractive prospect in synthesis. Benzoic acids are inexpensive and readily available, and their conversion through decarboxylative pathways holds potential in atom-economical processes. With regard to aryl halide formation, the Hunsdiecker reaction is a well-known process for the decarboxylative halogenation of anhydrous silver carboxylates with elemental halogens.^[@ref10]^ This reaction affords good reactivity for aliphatic carboxylic acids; however, aromatic carboxylic acids have traditionally been poor substrates for this process. In particular, while some electron-deficient aromatics react with variable yields, electron-rich aromatics undergo electrophilic halogenation instead ([Scheme [2](#sch2){ref-type="scheme"}](#sch2){ref-type="scheme"}).^[@ref11]^ More recent efforts toward a decarboxylative halogenation of aromatic acids are of limited utility, as they (a) require stoichiometric transition metal additives, (b) show poor substrate scope, and/or (c) show poor selectivity.^[@ref12],[@ref13]^ For these reasons, the conversion of aromatic benzoic acids into the corresponding aryl halides is generally carried out via a multi-step process.^[@ref14]^ Therefore, the development of a method for the direct conversion of benzoic acids to aryl halides via decarboxylation remains an unsolved challenge.

![Current Status of the Aromatic Hunsdiecker Reaction](ja-2017-051554_0003){#sch2}

We report here a general and cost-effective method for the decarboxylative iodination of (hetero)aromatic acids simply using readily available I~2~ ([Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}c). We detail the first examples of a transition-metal-free decarboxylative iodination of heteroaromatic acids and the first mechanistic study (through radical clock, DFT, and Hammett plot analyses) of an aromatic decarboxylative halogenation. The simplicity of the procedure also allows it to be applied to a streamlined synthesis of biaryls. In this process, the formed aryl halide can be subsequently cross-coupled with either an arene or a second benzoic acid using a copper catalyst in a one-pot process. This streamlined synthesis holds several advantages over current decarboxylative oxidative strategies, as stoichiometric transition metals are avoided and normally poorly reactive benzoic acids (e.g., electron-rich and non-*ortho*-substituted acids) are efficiently coupled.

2. Results and Discussion {#sec2}
=========================

2.1. Development of a Transition-Metal-Free Decarboxylative Iodination {#sec2.1}
----------------------------------------------------------------------

To begin our study, we investigated a classical aromatic Hunsdiecker-type decarboxylation---the reaction of the elemental halogens with the silver salts of benzoic acids---considering also that silver on its own can promote the decarboxylation of aromatic acids ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}).^[@ref15]^ However, similarly to previous reports using Br~2~ ([Scheme [2](#sch2){ref-type="scheme"}](#sch2){ref-type="scheme"}),^[@ref11]^ the mixing of Ag(I)-2-methoxybenzoate **Ag-1a** with I~2~ gave a mixture of the unwanted iodinated acid **1a**′ (74%) and the diiodinated product **2a**′ (10%), but none of desired aryl iodide **2a** ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}, entry 1). Thus, an undesired iodination process appears to be prevalent under Hunsdiecker-type conditions, preventing the desired decarboxylative iodination process. To our surprise, when the reaction was carried out *in the absence of silver* (using **K-1a**), the desired product **2a** was formed in excellent yield and high selectivity (entry 2), revealing a previously unknown and remarkably simple transition-metal-free procedure for the decarboxylative iodination of aromatic acids. The reasoning for this switch in chemoselectivity is currently unclear, but our results suggest that a strong C--H iodinating agent is formed in the presence of Ag(I), and this is minimized when using the potassium benzoate **K-1a**.^[@ref16]^ To avoid the preparation of benzoate salts, a screening of carbonate bases revealed that benzoic acids are suitable reagents and that, although all carbonate bases show some reactivity, the more soluble carbonate bases show improved reactivity ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}, entries 3--6). The screening of many inorganic bases revealed K~3~PO~4~ as the base of choice for this reaction, allowing the product **2a** to be isolated in an excellent yield of 90% without the need for column chromatography (entry 7). A more atom-economic procedure can be had by decreasing the loading of I~2~ to 1.5 equiv and increasing the temperature of the reaction to 170 °C to provide the product in 73% yield (entry 8). Finally, control reactions revealed that (a) the reaction is sensitive to water (entry 9);^[@ref17]^ (b) no loss of reactivity is observed when the experiment is conducted in the dark (entry 10); and (c) in the absence of a base, the reaction does not proceed (entry 11). Replacing I~2~ with Br~2~ led to the formation of the brominated acid **Br-1a**′ and dibrominated product **Br-2a**′, possibly due to the higher electrophilicity of Br~2~ (entry 12). Efforts toward a selective decarboxylative bromination are ongoing in our laboratory.

###### Optimization of the Transition-Metal-Free Decarboxylative Iodination[a](#t1fn1){ref-type="table-fn"}

![](ja-2017-051554_0012){#fx1}

  entry                                R        base      **1a**                   **2a**                    **1a**′   **2a**′
  ------------------------------------ ---- ------------ -------- ----------------------------------------- --------- ---------
  1                                    Ag        --         14                        0                        74        10
  2                                    K         --         9                        90                         2       trace
  3                                    H     Li~2~CO~3~     89                       11                       trace       0
  4                                    H     Na~2~CO~3~     76                       23                       trace       0
  5                                    H     K~2~CO~3~      64                       31                       trace       0
  6                                    H     Cs~2~CO~3~     57                       38                       trace     trace
  7                                    H     K~3~PO~4~      4      93 (90)[b](#t1fn2){ref-type="table-fn"}      1       trace
  8[c](#t1fn3){ref-type="table-fn"}    H     K~3~PO~4~      7                        73                         2         0
  9[d](#t1fn4){ref-type="table-fn"}    H     K~3~PO~4~      62                       34                         0         0
  10[e](#t1fn5){ref-type="table-fn"}   H     K~3~PO~4~      3                        94                         1       trace
  11                                   H         --         94                        0                         2         0
  12[f](#t1fn6){ref-type="table-fn"}   H     K~3~PO~4~    trace                       0                        23        72

Reaction conditions: benzoic acid/benzoate (0.2 mmol), I~2~ (0.6 mmol, 3.0 equiv), base (0.2 mmol, 1.0 equiv), MeCN (1.0 mL), 100 °C, 4 h.

Yield in parentheses is of isolated material. Isolated as a mixture with **2a**′ (**2a**:**2a**′ \> 100:1).

I~2~ (0.3 mmol, 1.5 equiv,), 170 °C, 16 h, 1,4-dioxane used as solvent.

1.0 equiv of H~2~O added.

Reaction performed in the dark.

I~2~ was replaced with Br~2~ to form the corresponding bromides **Br-1a**′ and **Br-2a**′.

2.2. Scope of the Transition-Metal-Free Decarboxylative Iodination {#sec2.2}
------------------------------------------------------------------

The development of such a simple route for the formation of aryl iodides was highly appealing, and we were keen to examine its applicability to other substrates ([Scheme [3](#sch3){ref-type="scheme"}](#sch3){ref-type="scheme"}). Our first observation was that the system is not limited to *ortho*-substituted benzoic acids, in contrast to many transition-metal-catalyzed decarboxylations (**2b**, **2c**).^[@ref4],[@ref12]^ Although both *ortho*- and *para*-anisic acid (**2a**, **2b**) are reactive, *meta*-anisic acid (**2d**) was unreactive, suggesting that the position of decarboxylation must be sufficiently nucleophilic.^[@ref18]^ Increasing the electron density on the aromatic acid greatly improves the reactivity of the substrate and allows the temperature to be reduced, *even to room temperature* in some cases (**2e**--**2h**). These low-temperature decarboxylations are remarkable, as analogous transition-metal-catalyzed procedures require highly activated di-*ortho*-substituted benzoic acids and temperatures of 160 °C, and we are unaware of any other transition-metal-free decarboxylative transformations of aromatic acids occurring at these low temperatures.^[@cit12f],[@ref19]^ Polymethylated benzoic acids have previously proved poorly reactive in decarboxylative processes;^[@ref20]^ however, we observed good to excellent reactivity with these substrates (**2i**--**2k**), and even *ortho*-toluic acid (**2l**) showed some reactivity when both the temperature and loadings of I~2~ were increased. Likewise, unsubstituted 1-napthoic acid (**1m**) was reactive under more forcing conditions; however, a small amount of diiodination (**2m**′) was also observed. The position of diiodination in this and other products is highlighted by the position of the asterisks in each scheme. The reactivity and selectivity of napthoic acid can be improved by the introduction of a methyl group to this substrate (**2n**). Attempts to decarboxylate salicylic acids were unsuccessful; however, moderate to excellent yields were obtained upon protection of the hydroxyl group (**2o**, **2p**). The system is tolerant of bearing amide and amino functionality, and, in some cases, the temperature could again be lowered to room temperature (**2q**--**2t**).^[@ref21]^ Examining the reactivity of halo-substituted benzoic acids also clearly revealed that the presence of more electron-withdrawing substituents, while still producing good yields, reduces the reactivity of the system (**2u**--**2ab**).^[@ref22]^ In light of this, we were surprised to observe that polyfluorinated benzoic acids showed excellent reactivity under these conditions (**2ac**--**2ae**); we are currently studying the reason for this unexpected reactivity.^[@ref23]^ The procedure was also applied to the methylestrone-2-carboxylic acid **1af** to provide the corresponding iodide in high yield (**2af**).^[@ref24]^ In accord with the general trend of reactivity, substrates that do not bear electron-donating substituents were unreactive under these conditions (**2ag**--**2aj**).^[@ref25]^ Finally, if a more atom-economical procedure is desired, the equivalents of I~2~ can be reduced to between 1.0 and 2.0 equiv by increasing the temperature of the reaction to 170 °C. The results for these atom-efficient couplings are provided in square brackets in both [Schemes [3](#sch3){ref-type="scheme"}](#sch3){ref-type="scheme"} and [4](#sch4){ref-type="scheme"}.^[@ref26]^

![Scope of the Decarboxylative Iodination of Benzoic Acids\
Reactions carried out at a 0.5 mmol scale of **1**.\
Ratios in brackets indicate mono-:diiodinated material by crude GC-FID analysis. Asterisk indicates position of diiodination.\
I~2~ (3.0 equiv).\
NMR yield for reactions employing I~2~ (1.0--2.0 equiv), 170 °C and 1,4-dioxane or *o*-DCB as solvent.\
I~2~ (6.0 equiv), 140 °C.\
I~2~ (2.0 equiv).\
MeCN (5.0 mL).\
I~2~ (3.0 equiv), 1,4-dioxane (1.0 M), 170 °C.\
Yields determined by quantitative ^19^F NMR.\
I~2~ (2.5 equiv).](ja-2017-051554_0004){#sch3}

![Scope of the Decarboxylative Iodination of Heterobenzoic Acids\
Reactions carried out at a 0.5 mmol scale of **1**.\
Ratios in brackets indicate mono-:diiodinated material by crude GC-FID analysis. Asterisk indicates position of diiodination.\
I~2~ (2.0 equiv).\
NMR yield for reactions employing I~2~ (1.0--2.0 equiv), 170 °C and 1,4-dioxane or *o*-DCB as solvent.\
MeCN (5.0 mL).\
I~2~ (6.0 equiv).](ja-2017-051554_0005){#sch4}

The compatibility of the reaction with various functional groups was investigated by means of a robustness screen (see [Supporting Information (SI)](http://pubs.acs.org/doi/suppl/10.1021/jacs.7b05155/suppl_file/ja7b05155_si_001.pdf), Table S2a,b).^[@ref27]^ We screened 30 additives in order to gain an informed view of the robustness of this reaction. This study revealed that many important functional groups, such as cyano, trifluoromethyl, nitro, tosylate, triflate, mesylate, and halo functionalities, were fully compatible with the reaction. On the other hand, hydroxyl and amino functionalities along with other nucleophilic (hetero)arenes were poorly tolerated. Likewise, alkene and alkyne additives were also detrimental to the reaction, although an internal alkyne additive was moderately tolerated. Most interesting was that aldehyde, ketone, and ester functionalities were all compatible with the reaction conditions.

Methods for the decarboxylative iodination of heteroaromatic acids are scarce and currently require stoichiometric transition metals and temperatures \>160 °C;^[@ref12],[@ref13]^ thus, we were keen to apply our conditions to these substrates ([Scheme [4](#sch4){ref-type="scheme"}](#sch4){ref-type="scheme"}). Indoles bearing either methyl or tosyl protecting groups (**2ak**, **2al**) showed good reactivity under our conditions, as did benzothiophenes and benzofurans (**2am**--**2aq**). Conveniently, the iodination can also be directed to the less nucleophilic C2 position of these substrates by simply using the C2-carboxyl-substituted substrates (**2ao**, **2aq**). Similarly, thiophenes (**2ar**), furans (**2as**, **2at**), pyrazoles (**2au**), and thiazoles (**2av**) were all compatible under these conditions. Once again, the yields provided in square brackets in [Scheme [4](#sch4){ref-type="scheme"}](#sch4){ref-type="scheme"} represent the outcome of the reaction when lower equivalents of I~2~ (1.0--2.0 equiv) and higher temperatures (170 °C) are used.^[@ref26]^ In agreement with benzoic acids, less electron-rich heteroaromatic acids require more forcing conditions (**2at**). Pyridines bearing morpholino or methoxy substituents and chromone-3-carboxylic acid also display good reactivity (**2aw**--**2ay**). Finally, cinnamic acids are also reactive substrates; however, some isomerization of the C--C double bond was observed (**2az**--**2az**′).^[@ref28]^

In order to further demonstrate the utility of our procedure, we looked to achieve a multi-gram synthesis of 1-iodo-2,6-dimethoxybenzene **2f** ([Scheme [5](#sch5){ref-type="scheme"}](#sch5){ref-type="scheme"}). Thus, when 10.0 g of benzoic acid **1f** was subjected to the standard conditions at room temperature, the desired product **2f** could be isolated with no detriment to the final yield (97%, 14.1 g)^[@ref29]^ and without the requirement for silica gel chromatography. We believe that the broad availability of benzoic acid substrates along with the low-cost and scalability of this method has potential in large-scale synthesis.

![Multi-Gram-Scale Synthesis of 1-Iodo-2,6-dimethoxybenzene **2f**](ja-2017-051554_0006){#sch5}

2.3. Mechanistic Studies on the Transition-Metal-Free Decarboxylative Iodination {#sec2.3}
--------------------------------------------------------------------------------

Our attention then turned to investigating the mechanism of this reaction. It is largely considered that the classical Hunsdiecker reaction---the decarboxylative halogenation of *aliphatic* silver carboxylates---proceeds via a radical pathway; therefore, we were interested to determine whether our system reacts in a similar manner.^[@ref10]^ A possible mechanism via this route is given in [Scheme [6](#sch6){ref-type="scheme"}](#sch6){ref-type="scheme"}; thus, upon formation of the benzoyl hypoiodite **I(A)**([@ref30]) from the corresponding benzoic acid (**1a**), base, and I~2~, homolytic bond breaking of the O--I bond would provide the benzoyl radical **II** and an iodine radical ([Scheme [6](#sch6){ref-type="scheme"}](#sch6){ref-type="scheme"}, pathway A). A radical decarboxylation event would give the aryl radical **III**, and subsequent radical recombination would provide aryl iodide (**2a**). An alternative pathway that does not involve radical intermediates was also considered ([Scheme [6](#sch6){ref-type="scheme"}](#sch6){ref-type="scheme"}, pathway B). This pathway may proceed via transition state **IV(A)** to give the aryl iodide **2a** directly from the benzoyl hypoiodite **I(A)**. This form of concerted decarboxylation--iodination mechanism is reminiscent of recently proposed pathways for transition-metal-catalyzed decarboxylations.^[@ref31]^ We set out to delineate between these two pathways by initially conducting a radical clock experiment with substrate **1A** ([Scheme [7](#sch7){ref-type="scheme"}](#sch7){ref-type="scheme"}). Upon formation of the corresponding aryl radical from **1A**, the rate constant for intramolecular cyclization to provide products of type **2A**′ is of the order *k* = 8 × 10^9^ s^--1^.^[@ref32]^ Upon exposure of substrate **1A** to our conditions, we observed only the iodinated product **2A** and none of the cyclized product **2A**′. This experiment strongly suggests that a radical mechanism is not in operation, in contrast to the classical Hunsdiecker reaction of aliphatic carboxylic acids and previous mechanistic proposals for transition-metal-free decarboxylative iodinations.^[@ref10],[@cit13h],[@cit13i]^ In order to assess the feasibility of our proposed non-radical pathway, we carried out a preliminary density functional theory (DFT) study ([Scheme [6](#sch6){ref-type="scheme"}](#sch6){ref-type="scheme"}, pathway B, see values in parentheses).^[@ref33]^ Decarboxylation via transition state **IV(A)** afforded a barrier of 27.6 kcal mol^--1^, which is reasonable for a reaction that can occur at 100 °C. Although further investigations are required, our current data support the pathway for decarboxylation via transition state **IV(A)**.

![Possible Pathways for the Decarboxylative Iodination of Aromatic Acids\
Pathway A: radical decarboxylation--radical recombination pathway. Pathway B: concerted decarboxylation--iodination pathway.\
Structures and energies calculated by DFT (B97D3/LanL2DZ for I, 6-31G(d) for other atoms); Gibbs free energies (*G*) are in kcal mol^--1^.\
Total energy for **2a** + CO~2~.](ja-2017-051554_0007){#sch6}

![Radical Clock Experiment with Benzoic Acid **1A**](ja-2017-051554_0008){#sch7}

Previous DFT studies by our group and others have proved highly useful when investigating the mechanism of transition-metal-catalyzed decarboxylations.^[@ref31]^ In particular, they have proved essential for delineating why *ortho*-substituted benzoic acids are more reactive than non-*ortho*-substituted benzoic acids---a phenomenon commonly termed the *ortho* effect. Previous calculations have shown that the energy of the *ortho*-substituted substrate is higher than that of its *meta* and *para* isomers due to steric clash with the carboxyl group; however, the energies for the transition states of each isomer are close to equal. Overall, this causes the decarboxylation barrier to be lowered for *ortho*-substituted benzoic acids in transition-metal-catalyzed procedures. For example, the 2-methoxy substrate (**I(C)**) is destabilized with respect to the 4-methoxy-isomer (**I(D)**) by 5.8 kcal mol^--1^ in palladium-mediated decarboxylations; however, the transition states (**IV(C/D)**) only differ by 1.6 kcal mol^--1^ ([Scheme [8](#sch8){ref-type="scheme"}](#sch8){ref-type="scheme"}, ii). Thus, the overall energy barrier is 4.2 kcal mol^--1^ lower for the *ortho*-substituted benzoic acid in palladium-mediated decarboxylations.^[@cit31e]^ Similarly, the difference in the decarboxylation barrier for silver-mediated decarboxylations is 6.0 kcal mol^--1^ due to the destabilization of the *ortho*-substituted substrate by 6.3 kcal mol^--1^ (**I(E)** vs **I(F)**) ([Scheme [8](#sch8){ref-type="scheme"}](#sch8){ref-type="scheme"}, iii).^[@cit31d]^ We were keen to establish whether a similar *ortho* effect could be applied to our transition-metal-free system; therefore, we compared the barriers of decarboxylation for 2-methoxybenzoic acid and 4-methoxybenzoic acid ([Scheme [8](#sch8){ref-type="scheme"}](#sch8){ref-type="scheme"}, i). From our experimental results ([Scheme [3](#sch3){ref-type="scheme"}](#sch3){ref-type="scheme"}), we had observed that the corresponding aryl iodides (**2a** and **2b**) were formed in high yield at 100 °C; however, whereas only 3.0 equiv of I~2~ was necessary for the reaction with 2-methoxybenzoic acid, 4.0 equiv was needed with 4-methoxybenzoic acid. This shows that, although the reactivity is similar, 2-methoxybenzoic acid is slightly more susceptible to decarboxylation under our conditions. Our DFT study supported this result, as we found that the barrier for decarboxylation with 2-methoxybenzoic acid was slightly lower than that for 4-methoxybenzoic acid by 0.9 kcal mol^--1^ ([Scheme [8](#sch8){ref-type="scheme"}](#sch8){ref-type="scheme"}, Δ*G*~A~^⧧^ = 27.6 kcal mol^--1^ and Δ*G*~B~^⧧^ = 28.5 kcal mol^--1^ for 2-methoxy- and 4-methoxybenzoic acid, respectively). Further inspection of these data revealed that the 2-methoxy-substituted hypoiodite (**I(A)**) is 4.5 kcal mol^--1^ higher in energy than its 4-methoxy analogue (**I(B)**). This difference in energy is likely due to a steric effect when a group is present *ortho* to the carboxyl group and is consistent with the *ortho* effect that is witnessed in transition-metal-catalyzed procedures. However, whereas the difference in energy between *ortho*- and *para*-substituted transition states (**IV**) is small (\<2.0 kcal mol^--1^) for transition-metal-catalyzed decarboxylation, we observe a significant energy difference of 3.6 kcal mol^--1^ for the decarboxylative iodination. In light of this, we suggest that an *ortho* effect resulting from steric destabilization is observed in our system, which causes *ortho*-substituted benzoic acids (e.g., 2-methoxybenzoic acid **1a**) to be more susceptible to decarboxylation than non-*ortho*-substituted substrates (e.g., 4-methoxybenzoic acid **1b**). However, this effect is small, especially when compared to transition-metal-catalyzed procedures; therefore, the reactivity difference between *ortho*- and non-*ortho*-substituted benzoic acids is minimized in our system. These results somewhat explain why, in our system, non-*ortho*-substituted benzoic acids are suitable substrates and further display the advantages of our procedure over those that require transition metals.

![Comparing the *Ortho* Effect of Transition-Metal-Mediated Decarboxylations and Transition-Metal-Free Decarboxylative Iodination\
(i) Investigating the *ortho* effect in the transition-metal-free decarboxylative iodination. Energies measured in kcal mol^--1^ for DFT modeling using an acetonitrile solvent correction. Structures and energies calculated by DFT (LanL2DZ for I, 6-31G(d) for other atoms); Gibbs free energies (*G*) are in kcal mol^--1^. (ii) The *ortho* effect in palladium-catalyzed decarboxylations as reported by Su et al.^[@cit31e]^ (iii) The *ortho* effect in silver-catalyzed decarboxylations as reported by Su et al.^[@cit31d]^](ja-2017-051554_0009){#sch8}

Hammett plot analysis of the initial rates of decarboxylative iodination of a series of *meta-* and *para*-substituted 2-methoxybenzoic acids provided a rho (ρ) value of −4.6, consistent with a substantial buildup of positive charge in the transition state **IV** ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}).^[@ref22]^ This value is comparable to those previously reported for electrophilic aromatic substitution-type reactions and supports our observation that electron-rich (hetero)aromatic acids are preferred substrates in this system.^[@cit22b],[@ref34]^ Our computational study ([Scheme [6](#sch6){ref-type="scheme"}](#sch6){ref-type="scheme"}, pathway B) does not suggest a distinct Wheland-type intermediate is formed. However, the calculated natural bond orbital (NBO) charges indicate a buildup of positive charge in the transition state. For example, the carbon atom *ipso* to the methoxy group in the pre-transition state **VI(A)** (see [SI](http://pubs.acs.org/doi/suppl/10.1021/jacs.7b05155/suppl_file/ja7b05155_si_001.pdf)) has a value of +0.345, which rises to +0.416 in the transition state **TS-IV(A)**. Therefore, the proposed concerted decarboxylation--iodination process ([Scheme [6](#sch6){ref-type="scheme"}](#sch6){ref-type="scheme"}, pathway B) is consistent with the experimental Hammett plot. Further studies are necessary to better understand the mechanism of this reaction.^[@ref35]^

![Hammett plot of the decarboxylative iodination. Equation of fit: *y* = −4.59*x* + 0.09. *R*^2^*=* 0.92. Position (*meta*/*para*) of substituent is with respect to the carboxyl group.](ja-2017-051554_0001){#fig1}

2.4. Applying the Decarboxylative Iodination toward Decarboxylative Oxidative Couplings {#sec2.4}
---------------------------------------------------------------------------------------

The coupling of a benzoic acid with an arene or a second benzoic acid via a C--C/C--H or C--C/C--C double activation, respectively, is a highly appealing transformation. Currently, most procedures to carry out this transformation require stoichiometric transition metal additives with only a few exceptions.^[@cit4i]^ However, these methods have their own limitations, for example: (1) the copper-catalyzed coupling of benzoic acids with arenes is restricted to the coupling of *ortho*-nitrobenzoic acids with heteroarenes and requires high loadings of the catalyst;^[@cit5p]^ (2) although the coupling of *ortho*- and non-*ortho*-substituted benzoic acids with arenes is possible under silver or photoredox catalysis, solvent quantities of the arene are required.^[@cit5o],[@cit5q]^ Therefore, more economical and general methods for oxidative decarboxylative couplings are of high importance.

Our simple procedure for decarboxylative iodination does not require transition metal additives and is applicable to non-*ortho*-substituted benzoic acids. Thus, we envisaged that this new decarboxylative protocol could be used as the cornerstone to address some of the current limitations in C--C/C--C and C--C/C--H oxidative couplings. Our approach to these oxidative couplings would consist of generating the aryl iodide from the benzoic acid and then cross-coupling the aryl iodide with an arene or a second benzoic acid in a one-pot protocol. This strategy is reminiscent to that used by Daugulis and co-workers^[@ref36]^ for the copper-catalyzed cross-coupling of two arenes via double C--H activations, which proceeds through an aryl iodide intermediate. In light of this precedent, we were confident that a decarboxylative oxidative cross-coupling should be possible.

We initially investigated the coupling of a benzoic acid with an arene ([Scheme [9](#sch9){ref-type="scheme"}](#sch9){ref-type="scheme"}). In this procedure, the benzoic acid first undergoes decarboxylative iodination, followed by copper-catalyzed cross-coupling using conditions based on those reported by Daugulis and co-workers.^[@ref36]^ Daugulis reported that the presence of iodine inhibits the copper-catalyzed coupling step,^[@cit36b]^ leading to very long reaction times of up to 9 days, although dimethylaniline could be added to quench excess iodine in a multi-step process. In our investigation, we found that excess iodine could be more efficiently eliminated by the addition of Et~3~N after the decarboxylative iodination has concluded and before the coupling step is carried out.^[@ref37]^

![Scope of the Decarboxylative Oxidative Cross-Coupling between Benzoic Acids and Arenes\
Reactions carried out at a 0.5 mmol scale of **4**. All three steps are conducted between 150 and 190 °C. K~3~PO~4~ (6.5--8.0 equiv) total across three steps.\
Ratios in brackets indicate ratio of regioisomeric products by crude GC-FID analysis. Asterisk indicates position of minor regioisomer.](ja-2017-051554_0010){#sch9}

Overall, the biaryl product is formed in a one-pot, three-step process consisting of (1) decarboxylative iodination, (2) iodine quench, and (3) cross-coupling, with the necessary reagents being added at each step.^[@ref38]^ Importantly, the entire process is conducted in one-pot, and no workup or isolation is required between steps. Our initial results show that many combinations of benzoic acids and arenes can be coupled together. The reaction tolerates a variety of different functionalities, such as nitro (**5c**, **5e**), chloro (**5g**, **5h**), trifluoromethyl (**5a**), and cyano groups (**5d**, **5f**). A range of aromatic acids are applicable in the cross-coupling, including methoxy- (e.g., **5b**, **5f**) and chloro-substituted (**5g**) benzoic acids and indole- (**5c**) and benzothiophene-carboxylic acids (**5d**). Most notable are the couplings of non-*ortho*-substituted benzoic acids **5a**--**5d**, as these substrates are generally unreactive in current decarboxylative coupling procedures.

Our focus then turned to applying this procedure to the double decarboxylative cross-coupling of two aromatic acids ([Scheme [10](#sch10){ref-type="scheme"}](#sch10){ref-type="scheme"}). Our strategy for the cross-coupling of benzoic acids with arenes could easily be applied to this process to provide a variety of biaryl products. Whereas current procedures provide high levels of homocoupled product (\>9%), our procedure shows high selectivity for the cross-coupled product, with no homocoupled products, or only traces, being observed. A range of benzoic acids, including methoxy-substituted benzoic acids (e.g., **8a** and **8b**), benzothiophene-carboxylic acids (**8c**), and polyfluorinated benzoic acids (**8d**), could be coupled with polyfluorobenzoic acids in different combinations. These represent the first examples of double decarboxylative cross-couplings that do not require stoichiometric transition metal additives. Furthermore, products **8a** and **8c** represent the first examples of the coupling of a non-*ortho*-substituted benzoic acid in a double decarboxylative coupling. The power of this procedure can further be seen in the coupling of two electronically and sterically similar benzoic acids (**8d**--**8f**). Although the formation of products **8e** and **8f** requires stoichiometric transition metals and proceeds to moderate yields, we believe this represents the most efficient route for the coupling of near-identical benzoic acids to date.

![Scope of the Double Decarboxylative Oxidative Cross-Coupling between Two Benzoic Acids\
Reactions carried out at a 0.5 mmol scale of **6**. K~3~PO~4~ (5.5--6.5 equiv) total across three steps.\
The potassium salt of **7** was used in this case.\
Yield determined by quantitative ^19^F NMR.\
Step 3: no CuI/Phen added, PdCl~2~/BINAP (9 mol%), Ag~2~CO~3~ (3.20 equiv). The potassium salt of **6** was used in this case.](ja-2017-051554_0011){#sch10}

3. Conclusions {#sec3}
==============

The field of decarboxylative activation is highly appealing, as it holds potential in efficient and atom-economic synthesis. We have reported a simple but effective transition-metal-free preparation of aryl iodides from readily available benzoic acids and I~2~. The procedure can be applied to a large range of electron-rich benzoic acids and to polyfluorinated aromatic acids. Importantly, this method overcomes some long-standing problems (e.g., poor selectivity and stoichiometric silver salts) of the classical aromatic Hunsdiecker decarboxylation. A combined theoretical and experimental study has shed light on the mechanism of this reaction, which we currently suggest proceeds via a concerted decarboxylation--halogenation-type process. To further demonstrate the potential applications of this procedure, we have developed a one-pot decarboxylative oxidative coupling. This process has several advantages over current procedures, namely the coupling of non-*ortho*-substituted benzoic acids, the removal of stoichiometric transition metal additives, and the coupling of nearly identical benzoic acids. We believe the scalability of the decarboxylative iodination holds potential for its application in preparative synthesis. Furthermore, the simplicity of the decarboxylative protocol, taken together with the breadth of methods for catalytic transformation of the resulting aryl iodides, should allow for the development of a variety of novel decarboxylative transformations, in addition to the oxidative cross-couplings reported in this article.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/jacs.7b05155](http://pubs.acs.org/doi/abs/10.1021/jacs.7b05155).Experimental procedures and characterization data ([PDF](http://pubs.acs.org/doi/suppl/10.1021/jacs.7b05155/suppl_file/ja7b05155_si_001.pdf))
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